Introduction LPS-responsive beige-like anchor protein (LRBA) deficiency is a primary immunodeficiency categorized as common variable immunodeficiency associated with autoimmune manifestations and inflammatory bowel diseases; however, the clinical spectrum has been extended. Here, we present our cohort of Turkish LRBA-deficient patients from a single center, demonstrating a diversity of clinical manifestations. Method Seven affected individuals from five families were assessed retrospectively in this study. Results Of the seven patients with LRBA deficiency, four had homozygous, and two had compound heterozygous mutations. One patient remained disease free until the last follow-up (age 17 years). The most common clinical manifestations of the six symptomatic patients were organomegaly (6/6), autoimmunity (6/6), and chronic diarrhea (5/6). Recurrent infectious episodes were observed in three patients. None of the patients had hypogammaglobulinemia at presentation. B cell subpopulation analysis revealed low numbers of switched-memory B cell numbers in two of the four tested patients. During the disease course, three of the patients died, two of them underwent successful hematopoietic stem cell transplantation (HSCT) from matched sibling donors, and one is under abatacept therapy. Conclusion LRBA defects should always be kept in mind as a differential diagnosis for patients with autoimmune disease affecting multiple organs, chronic diarrhea, and organomegalies. In our experience, early HSCT is a lifesaving therapeutic strategy.
Introduction
Primary immunodeficiencies (PIDs) are a heterogeneous group of disorders affecting distinct components of the immune system. Following the definition of agammaglobulinemia by Bruton in the 1950s as one of the first prototypic PIDs [1] , these diseases have been the subject of intense studies to elucidate etiology and develop effective treatments. Several new diseases and novel mutations have been identified during the last 20 years so that the number of genetically defined PIDs exceeds 300 [2] . Recently defined genetic defects and clinical presentations reveal that PIDs not only present with recurrent infections but also lymphoproliferation, autoimmunity, allergy, and malignancies [3] .
LPS-responsive beige-like anchor protein (LRBA) deficiency is a prototypical PID which presents with a broad spectrum of clinical phenotypes. Mutations in LRBA, which encodes LRBA, have been linked to defective vesicle trafficking including transendocytosis and turnover of CTLA-4 in regulatory T cells (Treg) [4] . A decrease in LRBA protein function leads to the diminished expression of CTLA-4 on the surface of Treg cells [4] . Patients who present with defects in CTLA-4 biology further show autoantibody-mediated cytopenias, lymphoproliferation, hypogammaglobulinemia, organ-specific autoimmunity, and lymphocytic infiltration of non-lymphoid organs [5] .
Although LRBA deficiency was first categorized as common variable immunodeficiency (CVID), with autoimmune manifestations and inflammatory bowel diseases [6] , the clinical spectrum has been extended with the latest reports of phenotypic variations. In particular, patients with phenotypes resembling autoimmune lymphoproliferative syndrome (ALPS), including autoimmune cytopenias, and lymphoproliferation without any hypogammaglobulinemia have been described [7, 8] . In this study, we present our cohort of Turkish LRBAdeficient patients from a single center, illustrating a wide range of clinical manifestations, with different therapeutic approaches depending on the clinical status of the patients.
Method Patients
Seven individuals from five families affected with LRBA defect, who were under follow-up in Ankara University Department of Immunology, were assessed retrospectively in this study. Informed consent was taken from all parents according to the Declaration of Helsinki. Complete blood counts, immunoglobulin levels, lymphocyte subsets, lymphocyte activation responses, and genetic aberrations were analyzed as well as the clinical data and histopathological findings of biopsy specimens.
For the two patients who underwent hematopoietic stem cell transplantation (HSCT), posttransplant follow-up data regarding the immunophenotyping and the chimerism analysis were evaluated separately.
Genetic Analyses
Genetic analyses of the patients P1 and P4 were defined previously [9, 10] . All other patients were analyzed with NGSbased gene panel screening, which was further confirmed with Sanger sequencing as described [11] .
Protein Analysis
Peripheral blood mononuclear cells (PBMCs) were transformed into EBV B cell lines and expanded. B cells were harvested and lysed in Frackleton buffer (10 mM Tris-HCl, pH 7.5; 50 mM NaCl; 30 mM NaPPi; 50 mM NaF, 1% Triton X-100) supplemented with protease inhibitor cocktail (Sigma-Aldrich). For Western blot, 150 μg of the protein was loaded. The following antibodies were used: anti-LRBA (HPA023597, Sigma-Aldrich) and anti-CAD (11933S, Cell Signaling Technologies). Spectra™ Multicolor High Range Protein Ladder (Thermo Fisher) was used as a size marker.
Immunofluorescence
PBMCs of patients and healthy donors (including shipment controls) were stimulated with antibodies against CD3 (clone OKT3) and CD28 (clone CD28.2, both Thermo Fisher Scientific) for 48 h. Cells were seeded on poly-L lysine-coated coverslips and subsequently fixed in 4% PFA and permeabilized in 0.2% Triton X-100. Antibodies against LRBA (HPA023597, Sigma-Aldrich) and CTLA-4 (550405, BD Biosciences) were used. Secondary staining was performed with goat-anti-mouse-AF488 (A-11029) and goat-antirabbit-AF647 (A-21244, both Life Technologies). The nucleus was counterstained with DAPI. Slides were analyzed on a LSM 700 with a 63×/1.4 Plan-Apochromat oil objective. Five different areas on each coverslip were screened for DAPI, LRBA, and CTLA-4 expressing cells, and three representative images were taken.
Results

Patients
Patient 1
Patient 1 was a female patient who first presented symptoms at the age of 6 months. Her clinical course has been described previously [10] . A missense mutation in LRBA gene (c.A8470C; c.T8471C; p.Ile2824Pr) was identified, which did not result in protein loss. The patient was diagnosed as possible LRBA deficiency, and further functional analysis was planned for definitive LRBA deficiency; however, due to her severe phenotype, she died at the age of 15 years.
Patients 2 and 3
Patient 2 was a 12-year-old girl born to non-consanguineous parents. She presented with recurrent respiratory infections and chronic diarrhea starting at 1 year of age. When she was 6 years old, she developed immune thrombocytopenic purpura (ITP) and autoimmune hemolytic anemia (AIHA) episodes, which were resistant to immunosuppressive therapies. During follow-up, lymphadenopathy and hepatosplenomegaly developed. Her immune work-up revealed lymphopenia and elevated numbers of double negative T cells. She was diagnosed with autoimmune lymphoproliferative syndrome, and intravenous immunoglobulin (IVIG) replacement therapy was initiated together with antibiotic prophylaxis. However, she died as a result of a severe pneumonia episode at the age of 14. In her family history, two deceased siblings had presented a similar clinical phenotype. A newborn brother (patient 3) presented to our clinic with neonatal diabetes. His immune work-up was normal apart from a slight reduction of immunoglobulin G levels. During toddler age, he had an uneventful follow-up apart from two episodes of viral pneumonia due to respiratory syncytial virus (RSV) and adenovirus. However, at the age of 3 years, he developed ITP which was resistant to steroids, IVIG, and plasma exchange therapies, followed by Epstein Barr virus (EBV)-induced lymphoproliferation and splenomegaly. Histopathological evaluation of lymph node biopsy showed reactive lymphocytosis. When he was 4 years old, non-infectious chronic secretory diarrhea started. Colonoscopic biopsies revealed inflammatory bowel disease (IBD)-like mucosal inflammation, which prompted the initiation of total parenteral nutrition (TPN). He had severe nephrotic range proteinuria, for which he underwent a renal biopsy. Lymphocytic infiltration of the renal cortex was observed. During the disease course, lymphocytic interstitial lung disease (ILD) developed. Genetic analysis revealed compound heterozygous mutations affecting LRBA (p.Asp1053fs, p.Ser2659*). Initiation of abatacept therapy (20 mg/kg every 2 weeks) alleviated the lymphoproliferation, but the diarrhea persisted and he died due to persistent thrombocytopenia and subsequent intracranial hemorrhage.
Patient 4
Patient 4 is a previously described female patient. She was successfully transplanted from a matched sibling donor with unknown mutation status following a conditioning regimen with busulfan (7.5 mg/kg), fludarabine (180 mg/ m 2 ), and ATG (40 mg/kg) [9] .
Patients 5 and 6
Patient 5, a currently 6-year-old male patient born to consanguineous parents, presented at the age of 3 years with therapyresistant ITP, lymphoproliferation, and severe chronic diarrhea.
Complete blood count was normal and immunoglobulins were within reference ranges for age. Furthermore, immune cell subclass analysis including B cell subsets and lymphocyte activation responses were normal. Genetic investigations revealed a stopgain mutation (c.675G > A, p.Trp225*) in LRBA. HSCT was performed from a matched sibling donor, who was heterozygous for the mutation. Non-myeloablative conditioning with busulfan (7.5 mg/kg), fludarabine (180 mg/m 2 ), and antithymocyte globulin (ATG) (40 mg/kg) was administered. A total of 7.16 × 10 6 /kg CD34+ stem cells were infused. Neutrophil and thrombocyte engraftment occurred on days 17 and 33, respectively. On day 90 posttransplantation, a CMV infection resulted in an episode of therapy-resistant ITP, which led to chronic hemorrhage due to a complication of catheter insertion. Weekly administration of romiplostim increased thrombocyte counts within 4 weeks. On posttransplant day 270, patient 5 had an episode of autoimmune hemolytic anemia, which was resistant to IVIG replacement therapy. Methylprednisolone (8 mg/kg) was introduced, and sirolimus was initiated due to a second attack of autoimmunity. After hemolysis was under control, steroid doses were rapidly tapered down. He is currently under sirolimus therapy on posttransplant of 1 year, with mixed-donor chimerism. LRBA protein expression was tested 9 months after transplantation and found to be reduced if compared with a healthy control. However, the expression is similar to the LRBA expression of his heterozygous matched sibling donor (Fig. 1a) .
Patient 6 is the elder sister of patient 5. During the diagnostic work-up of her brother, her DNA samples were also studied. The same stop codon mutation was detected, although she was completely asymptomatic. Her general immune work-up was normal, with slightly low switched-memory B cells. She was negative for the autoantibodies ANA, ASMA, ANCA, anti-TPO, anti-thyroglobulin, and tissue transglutaminase antibody, as well as in direct Coombs test. Abdominal ultrasound was normal and no deep lymphadenopathy was detected. Vaccination responses were normal. Despite these findings, LRBA expression in PBMCs as assessed by immunofluorescence staining was absent (Fig. 1b) which is in concordance with the identified mutation. Patient 6 is currently under follow-up.
Patient 7
Patient 7 is a 12-year-old male, who presented with autoimmune hemolytic anemia, ITP, hepatosplenomegaly, unexplained urticaria, and angioedema episodes when he was 8 years old. His past medical history was unremarkable for recurrent infections. Initial laboratory investigations demonstrated pancytopenia. Serum immunoglobulins and peripheral blood lymphocyte subsets were within normal ranges. Double-negative T cells were 7.5% of the total lymphocytes. The patient was initially diagnosed with autoimmune lymphoproliferative syndrome. He received steroid and mycophenolate mofetil (MMF) as immunosuppressive treatment. During the follow-up, serum immunoglobulins decreased gradually and IVIG replacement was started. Splenectomy was performed due to steroiddependent pancytopenia and hypersplenism. Cytopenias alleviated following splenectomy and normal neutrophil and thrombocyte counts were achieved. However, 6 months later, he further developed tachypnea and left axillary lymphadenopathy. A CT scan revealed nodular opacities and lymphocytic interstitial lung disease. The lymph node biopsy showed reactive lymphocytosis. Genetic investigations identified a compound heterozygous mutation in LRBA (c.3028G > A, p.Q1010*; c.7976G > C p.S2659*), which resulted in absent protein expression (Fig. 1a, b) . Abatacept was introduced (20 mg/kg every 2 weeks) and the pulmonary lesions resolved markedly (Fig. 2) . Matched unrelated donor survey was activated for a planned allogeneic HSCT.
Demographic Characteristics
The here-described patients with LRBA mutations have either homozygous or compound heterozygous mutations. The cohort group consists of five different families, three of which were consanguineous. Three of the seven patients were deceased at the time of analysis; two of the living patients underwent HSCT. Average age of disease onset was 2.3 (± 2.9 SD) years. Interestingly, our cohort includes a 17-year-old asymptomatic LRBA mutant patient.
Clinical Phenotype
The most common clinical manifestations of the six symptomatic patients were organomegaly (6/6), autoimmunity (6/6), and chronic diarrhea (5/6) ( Table 1) . Both splenomegaly and hepatomegaly could be observed in our cohort. Five patients presented organomegalies together with lymphadenopathies. The lymph node biopsy of three patients showed reactive lymphocytosis; no progress to lymphoma was seen in our cohort. Autoimmunity mainly presented as immunemediated cytopenia. Five patients had recurrent ITP episodes for which IVIG or steroids were used (Table 1) . One patient (P3) had resistant ITP, which was occasionally responding to plasma exchange therapy; he died of intracranial hemorrhage during an ITP episode under abatacept therapy. AIHA was observed in three patients. One patient (P7) was splenectomized to control therapy-resistant cytopenias, which was successful in terms of recovery. Other than cytopenias, two of the presented patients had early-onset diabetes, one patient had autoimmune thyroiditis, and one patient had chronic urticaria as autoimmune manifestations. Diarrhea was protracted and resistant to immunosuppressive agents such as steroids, MMF, and cyclosporine A (CsA). No specific infectious pathogens could be isolated. Therapyresistant diarrhea caused malnutrition and growth failure in three patients and led us to administer TPN for caloric compensation. The colonoscopic examination of the patients with diarrhea revealed IBD-like mucosal pattern. Intraepithelial lymphocytosis similar to celiac disease was observed in the duodenal biopsies.
Infectious Profile
All of the patients had at least one documented infectious episode during the follow-up. Recurrent respiratory tract infections (> 8 times/year) resulting in hospitalization were present in three patients at initial presentation. Viral pathogens were the most common infectious agents, out of which coronavirus was the most frequent. Further viruses included CMV, RSV, and adenovirus, which were detected in patients regardless of the therapeutic scheme. Severe bacterial infections caused by Acinetobacter baumanii and Staphylococcus aureus were documented in two patients who were under immunosuppressive therapy with methylprednisolone and cyclosporine A (Table 1) . Candida glabrata and Candida krusei were also isolated from those two patients. No parasitic infection was documented.
Immunologic Phenotype
In addition to the above-mentioned autoimmune-mediated cytopenia, ITP, and AIHA, two patients were lymphopenic on initial admission. Neutropenia was not observed in our patients.
Despite normal T cell counts in all patients, two of them presented reduced activation responses to phytohemagglutinin and anti-CD3 stimulation (Table 2) . However, both patients were under chronic immunosuppressive therapy when the analysis was performed. Double-negative T cells (DNT) were elevated in four of our patients (Table 2 ) who were previously diagnosed with ALPS.
Total B cell numbers were only altered in one patient. However, this patient was under immunosuppresive treatment at the time of analysis (Table 2) . B cell subpopulation analysis revealed low numbers of switched-memory B cell numbers in two of the four tested patients. None of our patients had hypogammaglobulinemia on admission; yet, one patient developed it during follow-up combined with low switchedmemory B cells.
Genetic and Functional Evaluation
Homozygous mutations were identified in four patients; compound heterozygous mutations in three. Most of the heredescribed mutations segregated perfectly with the disease as parents of compound heterozygous patients carried only one of the two variants, and parents from homozygous patients were heterozygous for the mutation. One exception was the asymptomatic patient 6, who did not show any signs of immune dysregulation but was a carrier of a homozygous nonsense mutation. Some of the here-described mutations have not been described before (Fig. 3) . Novel as well as known mutations are distributed along the whole protein lengths. No specific genotype-phenotype correlation was observed.
Protein expression analysis was performed on cells derived from patient 7 which revealed a complete absence of LRBA, as well as on material derived from patient 5 after transplantation (Fig. 1a) . Patient 5 was transplanted by a heterozygous matched sibling donor (HMSD). Both individuals show a reduced LRBA expression in comparison to healthy controls (Fig. 1a) . The absence of LRBA protein in patient 7 was further confirmed by immunofluorescence analysis of patient-derived peripheral blood mononuclear cells which had been stimulated with antibodies against CD3 and CD28 (Fig. 1b) . In concordance with the genetic data, analysis of the asymptomatic sibling (P6) also revealed absent LRBA (Fig. 1b) .
Therapeutic Approach and Outcome
All of the patients presented with severe immune dysregulations; three of the patients died during the disease course. Two of the patients underwent HSCT from matched sibling donors. For both of them, reduced-intensity conditioning regime consisting of fludarabin (180 mg/m 2 ), ATG (40 mg/kg), and busulfan (7.5 mg/kg) was used ( Table 1) . As previously published, patient P4 had an uneventful posttransplant follow-up [9] . Currently, 30 months after HSCT, she has no diarrhea and autoimmunity episodes. Patient 5 had also an uneventful period initially, but he encountered ITP and AIHA episodes following HSCT. Currently, 1 year after HSCT, he is under sirolimus and romiplostim with mixed-donor chimerism. Patient 7 is also planned for HSCT, but the survey for matched unrelated donor still continues.
Although in the presented patient cohort the only curative treatment was transplantation, patients received multiple immunosuppressive treatments. All of our patients received chronic or intermittent steroids, to which the symptoms were unresponsive. As steroid-sparing agents, previously MMF was used in two patients and CsA was used in one patient. We used abatacept in two patients with a protocol of 20 mg/kg every 2 weeks. Patient 3 had five doses of abatacept treatment, during which ITP persisted with a fatal outcome, but the lymphoproliferation alleviated. Patient 7 is currently on abatacept therapy for lymphocytic interstitial pneumonia. Lymphocytic infiltration in the lungs resolved after the third dose (Fig. 2) .
Discussion
In the current study, we present a single-center experience of LRBA deficiency with seven affected individuals from five families.
As of today, more than 50 patients with LRBA deficiency have been reported, and the numbers keep increasing [12] [13] [14] [15] . Although, in 2012 the disease was classified as a CVID-like disorder, recent reports of the extended disease phenotype revealed that the prominent clinical features in LRBA deficiency is due to immune dysregulation presenting mostly as enteropathy, autoimmune hemolytic anemia, and ITP [12, 13, 16] . In concordance, organomegaly, enteropathy, and autoimmune cytopenias were the most common features in our cohort. Most of our patients presented with an ALPS-like phenotype (organomegalies, lymphoproliferation, elevated DNTs) and were under follow-up with ALPS diagnosis before genetic analysis. Previously, other LRBA-deficient patients have been reported who suffer from an ALPS-like phenotype and it was recommended that LRBA defect should be considered in patients who are negative for mutations in the ALPS genes such as FAS, FASL, and CASP10 [7] .
The presented patient cohort is the first analysis of a group of Turkish patients with LRBA mutations. Previously, two reports from separate groups, although they included overlapping cases, reviewed phenotypic manifestations of patients bearing LRBA mutations [12, 13] . Major phenotypes were grouped into the categories autoimmunity, enteropathy, and CVID-like immune deficiency [12] . Although the patients present characteristics of autoimmunity and enteropathy phenotypes, CVID-like immune deficiency was not frequent in our cohort (Table 3 ). In the studied patient group, hypogammaglobulinemia was not a prominent disease feature; ALPS-like disease, with or without diarrhea, was the most common initial presentation. We could not illustrate a specific genotype-phenotype relationship for this phenomenon observed in our cohort.
Chronic diarrhea was the most troublesome disease symptom for the presented patients, causing prolonged hospitalization and TPN administration for caloric compensation. Diarrhea usually was not the initial symptom but developed during the disease course. No pathogens could be identified as an underlying cause. Furthermore, diarrhea was unresponsive to standard immunosuppressive therapies such as steroids and MMF. Colonoscopic evaluation revealed IBD-like mucosal inflammation. Intraepithelial lymphocyte infiltration of the duodenum in a celiac-like pattern was a common histopathological finding; however, none of the patients responded to a gluten-free diet in concordance with previously published data B cell subgroups [9, 17] . In the described patient cohort, diarrhea could only be controlled by HSCT. We recorded a severe disease course with an average age onset of 2.3 years, which was slightly younger than reported in previous studies [13] . However, one of the patients, who is negative for LRBA protein expressions (Fig. 1b) and carries the same stop codon mutation as her diseased brother, is asymptomatic at the age of 17 years. Currently, her immune work-up is normal, apart from a slightly reduced number of switchedmemory B cells. She has no autoimmune diseases documented. Asymptomatic patients have been described previously [12, 13] . However, disease onset varies between patients. The latest age of onset so far is 17 years [13] . This asymptomatic individual of our cohort is currently under close follow-up without any treatment.
The disease course of the patients was severe and often fatal without appropriate intervention. Three out of seven patients died as a result of enteropathy and complications of the immunosuppressive treatment. LRBA patients need early interdisciplinary care; however, due to the lack of genotypephenotype correlation and clinical heterogeneity of disease presentation, there is no standard therapeutic approach to these patients yet.
Recently, abatacept, a CTLA4-fusion protein, has been introduced as a promising agent for improvement of clinical symptoms in LRBA-deficient patients [4] . However, so far, long-term effects, safety, and cost-effectiveness of this therapy have not been analyzed. We used abatacept treatment for two patients. Patient 7, for whom we applied abatacept in ILD, responded well after three doses. His lymphocytic infiltrates disappeared and respiratory functions improved. Patient 3 received abatacept to treat resistant thrombocytopenia, lymphoproliferation, and enteropathy. Although lymphoproliferation alleviated, diarrhea persisted and thrombocytopenia deteriorated which resulted in the death of the patient due to intracranial hemorrhage. There is increasing evidence that persistent abatacept infusions correct the autoimmune phenotype in LRBA patients; however, not all symptoms are responsive [4] . Until now, five patients have been reported to receive abatacept. In three of those cases, the major complaint was respiratory dysfunction resulting from lung infiltration, which responded completely to abatacept. According to our experience with patients, lymphoproliferative symptoms alleviate, whereas enteropathy and cytopenia persist following abatacept. To date, we cannot give clear advice whether or not to treat with abatacept as more data is needed for the precise therapeutic indications and the effectiveness of abatacept therapy.
Given the severe complications observed in the patients including the high mortality rate, HSCT might be a promising strategy. We preferred HSCT with reduced-intensity conditioning regimen consisting of fludarabin, ATG, and busulfan. Targeted area-under-the-concentration versus time curve (AUC) for busulfan dosing was aimed as published in the protocol for chronic granulomatous disease [18] . The two patients who underwent HSCT using reduced-intensity conditioning responded well. Diarrhea which was the major problem for both patients, ceased in days following the stem cell infusion. P4 was the first LRBA-deficient patient who underwent HSCT with this regime. Currently, she is in posttransplant year 3 with an uneventful survey. The second patient, P5, had one ITP and autoimmune hemolytic anemia episode during the first year post HSCT, which could be controlled by administration of romiplostim and sirolimus, respectively. As both of the presented patients were under cumulative burden of chronic inflammation in combination with organ damages, reduced-intensity conditioning was the only option for HSCT.
By now, 12 LRBA-deficient patients have been reported to be treated with HSCT. Overall survival is 67% (8/12). Of note, 50% of the patients had complete or good partial remission [19] . However, posttransplant autoimmune manifestations are not infrequent in LRBA patients [9, 13, 15] . As speculated before, the autoimmune manifestations seen in these patients may be related to donors who were heterozygous carriers of the disease allele [15, 20] . As of today, there is no controlled study of whether HSCT or abatacept is the preferable treatment option in LRBA deficiency. Given the chronic requirement of CTLA-4 replacement, abatacept treatment might be a bridging strategy before HSCT.
Conclusion
Autosomal recessive disorders are relatively common in Turkey due to high frequency of consanguineous marriages. LRBA defects should always be kept in mind as a differential diagnosis for patients with autoimmune disease affecting multiple organs, chronic diarrhea, and organomegalies. In our experience, early HSCT is a life-saving therapeutic strategy. 
